Abstract-Magnetic resonance tagging has proven useful in the visualization and quantification of cardiac motion. Traditionally, tags are designed to have crisp geometric profiles in order to enhance both visualization and detection of tags. Recent image acquisition and analysis methods, however, have been designed to exploit sinusoidal tag profiles. This paper presents a method based on harmonic phase (HARP) concepts to synthesize tag lines that have both crisp profiles and alternative orientations from the original sinusoidal patterns. Results are demonstrated on images acquired with SPAMM, CSPAMM, and fast-HARP pulse sequences.
I. INTRODUCTION

M
AGNETIC RESONANCE (MR) tagging has proven to be a useful technique for visualization and quantification of tissue motion and strain [1] - [3] . Tags form regular patterns, typically an array or grid of straight lines, temporarily imposed within the tissue such that they deform with the motion of the tissue. Tissue motion is typically measured by detecting the positions of the tag lines or intersections and tracking their movement over time [4] - [9] . Motion measurement accuracy depends in part on the ability to localize a tag line, which in turn depends on its profile, i.e., the image intensities orthogonal to the tag direction. Thin tag lines, for example, have a narrow intensity profile, which provides good localization provided there is adequate spatial sampling in the acquired image. Such tag lines, however, have very large -space coverage, requiring long acquisition times to image properly. The reason is that sharper tag profiles require higher resolution images, which require higher image resolution, which corresponds to acquiring larger regions in space.
Several tagged imaging and analysis techniques such as CSPAMM [10] - [12] , and HARP [6] , [7] , [12] , [13] have concentrated on sinusoidal tag patterns. In other sequences, such as higher order SPAMM [2] and DANTE [14] , the tags were designed to have very sharp profiles, but only a fraction of space was imaged [15] . In all these cases, the resulting tag patterns lack the detail that is necessary for visualization and detection (although they still may have excellent quantification properties, cf., [6] , [7] , and [13] ). In this paper, we propose a technique to synthesize more desirable tag patterns, with both new profiles and tag orientations, from these conventional SPAMM, CSPAMM, and fast-HARP [16] images. This improves the qualitative interpretation of motion by observers and maybe the ability to detect tag lines while simultaneously permitting optimization of the imaging protocol (e.g., [17] ).
II. THEORY
Our method is based on the principles of harmonic phase (HARP) magnetic resonance imaging (MRI) [6] , [7] , [13] . Because tag patterns are typically periodic, they can be expanded in a Fourier series. Multiplication of such a tag pattern with the object creates an amplitude modulation that causes space to have periodically distributed "lumps" of energy called harmonic peaks. The spacing between the peaks is inversely proportional to tag spacing, while the number of the harmonic peaks and their energy ratios affect the width and profile of the resulting tag lines. In general, a smaller number of peaks produce images with wider tag lines than those with a larger number of peaks. For example, 1-1 SPAMM uses only two RF pulses, resulting in three harmonic peaks (including the "dc" peak at the origin of space) and the tag profile is a simple sinusoid. In this case, we can write the intensity of a tagged MR image, just after tagging, as (1) where is the image intensity at some location-that would have been obtained-before tagging and is the tagging frequency in the direction (if the tag pattern is vertical line, for example). Based on (1), we can expand the cosine on the right hand into two complex harmonics and obtain three terms on the right-hand side, which will correspond to three harmonic peaks. To obtain crisp thin tag lines, more RF pulses are used, and the resulting images have a larger number of peaks, in general.
The basic concept behind HARP is that each (non-dc) harmonic peak has complete information about a particular one-dimensional (1-D) component of the tag's deformation, which relates to tissue motion. Because of this, HARP uses two harmonic peaks, either directly acquired or extracted using bandpass filters, to estimate the two-dimensional (2-D) motion in a plane. As an example, Fig. 1 harmonic peaks corresponding to a set of scaling and shifts of the underlying Fourier transform due to amplitude modulation by the periodic tag pattern. By filtering out the harmonic peak shown in Fig. 1 (b) and taking its inverse Fourier transform, a complex harmonic image is produced. The magnitude and phase images corresponding to this harmonic image are shown in Fig. 1 (c) and (d), respectively. The phase image, which we call a HARP image, has been masked by a thresholded magnitude image so that only the phase of tissue is shown. The crisp features in the HARP image, which are caused by phase wrapping, bend the same way as that of the tag lines in the original tagged image. This shows the relation between the HARP image and the deformation of the tag pattern due to motion.
Based on the harmonic expansion of an MR tagged image, we can write any image with a periodic tag pattern (lines or grid) as a summation (2) where each term is a harmonic image that corresponds to a spectral peak in the Fourier space of the image. The terms in the summation correspond to the harmonic peaks, which are expected to be symmetrical around the origin of the space. Except for the dc peak at the origin, the rest of peaks can be grouped into pairs symmetrically around the origin of the Fourier space ( space); hence, they can have positive and negative indexes. These harmonic images have complex values, in general, and any of them can be written as (3) where the components on the right-hand side are real and can be written in relation to each other by
The image is the harmonic magnitude image, affected by falling levels of intensity with time due to tag fading, and is the harmonic phase image [6] , [7] , [13] . Notice that the selection of the first harmonic as the reference for the other harmonics in (4) is arbitrary and any other harmonic image, except that of the dc, can replace the first harmonic image. The real coefficients and , for , are responsible for the detailed appearance of the tag profile. The tag profile coefficients depend on two factors. First, they depend on the tagging pulse sequence, specifically the number of the rf pulses that determines the number and values of these coefficients. For example, two rf pulses are used in 1-1 SPAMM to generate a sinusoidal tag profile with only three coefficients (including the dc). In SPAMM tags, the distribution of the coefficients depends on the tipping angles of the RF pulses. The other factor that determines the number of coefficients for a tag profile in an acquired image is its -space acquisition protocol. For example, the acquisition of a small region in space might skip the higher frequency harmonic peaks that are present due to the tag pattern design.
III. METHODS
The coefficients of the tag profiles are determined by their Fourier series expansion; therefore, it is relatively simple to determine the coefficients for a desired tag profile. For example, a specific tag profile can be designed, then the first coefficients of its Fourier series can be used as the coefficients for the harmonic images. However, implementation of these coefficients in an imaging sequence might be impossible due to limitations in the tagging sequence and restrictions on imaging time. This gap between achievable and desired tag profiles can be filled by exploiting the harmonic decomposition of the original tagged image. We now describe an approach using observed harmonic images to synthesize more detailed tag profiles.
We assume that all harmonic images , are extracted from the observed image. Let the desired tag profile have the Fourier series coefficients and , for where the number could be larger than . The resulting image can then be synthesized from the harmonic components of the original image by (6) In (5), the summation of the complex harmonics in (3) was replaced with the summation of real sinusoids, using the fact that the pairs of harmonic images can be simplified to a real sinusoid. This simplification provides a computational advantage as a fewer number of summations is required, hence, the change in the summation limits. Notice also in (6) the normalization of the harmonic magnitude images by dividing by . Since some of the original coefficients might be zero (as for missing harmonics in the original image) or insignificant for computations, they can be replaced by the components of the first harmonic, which we assume to be always nonzero. Equation (6) can then be replaced by (7) In the extreme case of acquiring or extracting only the first harmonic, as would be the case if 1-1 SPAMM were used, we can synthesize a more detailed tagged image from a single harmonic peak using (8) where the coefficient for the original image was dropped for simplicity. A problem with this equation is that the initial coefficients need to be known, especially the phase coefficients, which are hard to obtain with good accuracy.
A. Desired Tag Profile
For the experiments detailed in this paper, a set of coefficients was required such that the desired tag profile would be sharp. The corresponding coefficients were computed from a subset of the Fourier series of a desired tag profile. The sharpness of the tag profile depends on the value and number of tag coefficients used. In Fig. 2 , a set of seven coefficients with {3.64, 1.00, 0.89, 0.72, 0.52, 0.32, 0.15}, normalized to the second coefficient, was used to demonstrate the effect of number of coefficients. The three plots are for the usage of two, three, and seven coefficients. As can be seen, the larger number of coefficients make the dips, corresponding to the tag lines in the resulting images, narrower. Using all seven coefficients, the resulting synthetic tagged images will have 13 peaks. Because some of the farthest harmonic peaks in the resulting image might have been outside the acquired Fourier space of the original images, the images then need to be interpolated using zero filling of the Fourier space so that the resulting harmonic images can have higher resolution.
B. Tag Orientation
The image that would be generated by (6)- (8) would contain dark lines with a specific intensity profile around these lines. The orientation of the lines, on the other hand, is determined by the location of the original harmonic peak. For example, harmonic peaks on the horizontal axis (readout direction) result in vertical tag lines.
Using the concept of harmonic peaks, we can, however, generate a new set of tag orientations different than the original ones. Assuming the two harmonic phases and correspond to vertical and horizontal tag lines, respectively, it is possible then to generate a harmonic phase corresponding to a diagonal tag line by adding the vertical and horizontal harmonic phases. Mathematically, we can design a new harmonic phase using (see the Appendix) (9) The other diagonal orientation can be obtained by replacing the summation operation with subtraction. In general, we can write multiple tag orientations and spacing by various combinations of the vertical and horizontal harmonic phases.
A tag grid can be generated from two images with synthetic tag lines by simple multiplication of these images (not the harmonic phase). In the results shown below, the grid images are generated by this simple operation.
IV. RESULTS AND DISCUSSION
To demonstrate the ability of the technique to generate a synthetic crisp tag profile, different tagged MR images were used. We synthesized tagged images from three types of images: SPAMM tags, CSPAMM images, and single harmonic imaging used for Fast-HARP [16] , [17] .
A. SPAMM Tagged Images
These images are of a canine heart with abnormal motion and were presented before by McVeigh et al. in [18] . The initial coefficients for the original tag profile were determined from the spectral peaks in the Fourier space. Using (6), we redesigned the tag profile and the results are shown in Fig. 3 . Panels (a) and (b) show the evolution tag profile as more coefficients are incorporated in tag generation. The far left images are the original images, while the far right images have the largest number of coefficients. Notice that the lines tag lines get thinner as we increase the number of coefficients.
The number of harmonic peaks in the spectrum of the synthetic tagged images is larger than that of the original image. Fig. 4(a) and (b) shows the spectrum of the vertical tagged image for the original image with zero padding and that of the synthetic image, respectively. Notice the increase in the number of harmonic peaks in the new synthetic tagged image, as expected.
B. CSPAMM Image
A CSPAMM image for a normal heart is shown in Fig. 5(a) . CPAMM images have only two peaks in the Fourier space, hence the tag profile is sinusoidal. We used this data set to demonstrate the generation of a sharp tag profile, as well as the ability to change the orientation of the tag patterns. Diagonal HARP images are generated using (9) . Then, using the formula in (8), we generated the synthetic tag images whose multiplication produced the diagonal grid shown in Fig. 5(b) .
C. Fast-HARP
Because of the significance of a single harmonic peak in measuring motion, a special pulse sequence was designed to rapidly acquire only a single harmonic peak [16] , [17] . The fast-HARP pulse sequence is a new imaging technique for quantification of regional function of the heart in real time. The sequence acquires only a single harmonic peak several times in a single heartbeat using a modified echo planar imaging (EPI) sequence. In two heart beats, two complete sequences corresponding to vertical and horizontal tagging are acquired. This sequence is capable of acquiring a single harmonic peak in 44 ms, thus enabling real-time imaging of the heart. The resulting harmonic image, however, is a blurred image that is difficult to visualize. Although the harmonic phase information is useful for quantifying motion, the inability to produce tagging types of images makes it hard to visualize motion. Fig. 6 (a) and (b) shows the two acquired harmonic peaks shifted from the origin in a zero padded image. Synthetic diagonally tagged images were generated using (8) , and their spectra are shown in Fig. 6(c) and (d) . The final synthetic image, shown in Fig. 6(e) , shows blurred morphology of the heart, due to the reduced filter size, with a crisp diagonal tag grid. Notice that the initially acquired two peaks were used to generate all the harmonic peaks in the new synthetic tagged images. So, if they do not show up in their original form, they implicitly exist in all the harmonic peaks. This is exactly the advantage of this technique, which uses the harmonic peaks; whatever the initial generation method is, they can be used as row material to generate a wide variety of tag patterns.
It is important to mention that in this paper we considered that the harmonic images correspond to the harmonic peaks simply by filtering. However, the real spectrum of a harmonic peak is not band limited and is spread out to infinity. This means that the images produced by filtering are corrupted by the filtering process, as it cuts some part of the spectrum, and by contamination by signal from the other harmonic peaks (which we call interference). The extent of the corruption depends on how close the peaks are to each other; the closer they are, the more corrupted the resulting images are. Luckily, the distance between the peaks can be controlled by changing the tag separation, and a tag separation of 8 mm is basically sufficient to limit the extent of artifacts.
Other sources of corruption that were not mentioned in the paper, for the sake of simplicity, are the effects of coil sensitivity and field inhomogeneity. These factors are especially effective in the case of using Fast-HARP data. The effect of these artifacts needs to be studied in the future in order to reduce any resulting artifacts.
V. CONCLUSION
In this paper, we propose a technique to regenerate a large number of tag patterns from an original tagged image with simple line tags. The technique is based on HARP concepts that have been demonstrated to be useful for measuring motion. The tag synthesis was demonstrated on examples of tagged images. The technique is useful for refining the tag pattern of other motion analysis techniques that identify tag lines from the intensity image directly. Another application is for image compression. In this case, only the basic harmonic components can be used to generate a large number of tag patterns. The tag synthesis method can be used in applications that collect data using stimulated echo and methods like DENSE. The acquired images are also complex images similar to the harmonic components.
APPENDIX
The relation between the harmonic phase and the motion of the tags can be described mathematically by (cf., [6] , [7] , and [13] ) where is a function that describes the 2-D motion of the points , on the image plane at time , and is a vector that describes the location of the harmonic peak. A similar equation can be obtained for the HARP image, , with the horizontal vector, . The diagonal harmonic phase then is (10) which demonstrates that it describes the motion component in the diagonal direction. In general, we can generate images using the combination (11) where and are integers. The corresponding harmonic peaks for the combinations are on a regular grid spanned by the original two vectors and .
